Fluid membranes in multilamellar assemblies exhibit curvature fluctuations limited by interactions between adjacent membranes. By probing the orientational correlations associated with such curvature fluctuations, nuclear spin relaxation rates provide information about membrane interactions. In the first experimental demonstration of this approach, we have used 23 Na spin relaxation to characterize the steric repulsion in a dilute lamellar phase. [S0031-9007(97) PACS numbers: 61.30. -v, 33.25. + k, 68.10. -m Fluid bilayer membranes occur in a wide variety of systems, ranging from lamellar liquid crystals to phospholipid membranes in biological cells [1, 2] . The configurational statistics of such membranes has been successfully modeled by a phenomenological free energy featuring the membrane bending rigidity k and the harmonic force constant w 00 ͑d͒ of the membrane interaction [3] [4] [5] . Membrane interactions play a crucial role in multilamellar assemblies: Whereas a free membrane is always crumpled on sufficiently large length scales, the membranes in a lamellar phase exhibit long-range orientational order as a consequence of the suppression of curvature fluctuations by membrane interactions [5] .
Fluid bilayer membranes occur in a wide variety of systems, ranging from lamellar liquid crystals to phospholipid membranes in biological cells [1, 2] . The configurational statistics of such membranes has been successfully modeled by a phenomenological free energy featuring the membrane bending rigidity k and the harmonic force constant w 00 ͑d͒ of the membrane interaction [3] [4] [5] . Membrane interactions play a crucial role in multilamellar assemblies: Whereas a free membrane is always crumpled on sufficiently large length scales, the membranes in a lamellar phase exhibit long-range orientational order as a consequence of the suppression of curvature fluctuations by membrane interactions [5] .
Orientational correlations in uniaxial phases are conveniently described in terms of the director field n͑r͒, specifying, in a lamellar phase, the orientation of the local membrane normal at each point in space. In the harmonic, weak-fluctuation regime, the spectrum of curvature fluctuations is determined by the Fourier transform of the orientational correlation function ͗n Ќ ͑0͒ ? n Ќ ͑r͒͘ (n Ќ is the projection of n on the base plane, perpendicular to the optic axis of the phase), i.e., the orientational structure factor [4, 5] H͑q͒ ͑k B T ͞V ͒q
where K 1 k͞d and B dw 00 ͑d͒, with d the mean membrane spacing. The elastic moduli define the persistence or patch length, j P ͑d 2 K 1 ͞B͒ 1͞4 , which measures the range of transverse orientational correlations [6, 7] .
For a molecule confined to the membranes in a lamellar phase, the anisotropic nuclear spin couplings that determine the spin energy levels and the rates of transitions between them are projected on the membrane normal by ubiquitous fast motions [8] . NMR spectroscopy and relaxation are therefore ideally suited for investigating membrane curvature fluctuations. By probing the orientational structure factor H͑q͒ in different regimes of q space, these techniques can provide the membrane bending rigidity k as well as the force constant w 00 ͑d͒ of the membrane interaction.
For a quadrupolar nucleus of spin I 3 2 (like 23 Na), the spectral line splitting n Q is given by [9] 
where x is the residual quadrupole coupling constant and b is the angle between the optic axis and the magnetic field. The quadrupole splitting is dominated by modes with wavelengths of order j P and depends only logarithmically on membrane interactions [5, 9] . Spin relaxation in a uniaxial phase is governed by three independent crystal-frame spectral density functions J C n ͑v͒, with n 0, 1, 2 [8, 10] . Here, we focus on the adiabatic (zero-frequency) spectral densities J C n ͑0͒, which can be expressed (for I 3 2 ) as [11] [12] [13] [14] 
with J loc the local motion contribution and w the angle between the projections of q and q 0 in the base plane. Furthermore,
0 ͒, with G C ͑q͒ and G S ͑q͒ the mode relaxation frequencies associated with collective elastic distortions and molecular self-diffusion, respectively. These spectral densities are dominated by slow (small G) longwavelength modes in the coupled regime ͑q Ќ j P ø 1͒, where membrane interactions are strongly manifested.
The 23 Na NMR experiments reported here were performed at 30 ± C on the lamellar phase of the quaternary system water/sodium dodecylsulphate (SDS)/pentanol/ dodecane [15] . The membranes, consisting of a 4 nm thick SDS/pentanol (molar ratio 1͞2.35) bilayer with the water ͑24.8 mol D 2 O͞mol SDS͒ and Na 1 counterions in the center, were diluted with a dodecane/pentanol mixture 0031-9007͞97͞78(19)͞3689(4)$10.00 ͑91.0͞9.0 wt %͒ [9] . The membrane volume fraction f is given in Table I were equal and independent of b, as expected for a contribution ͑J loc ͒ from fast, nearly isotropic, local motions [8] . Furthermore, J loc was found to be the same for all samples (cf. Table I) , as expected if the chemical composition of the membrane is independent of dilution [9] .
The adiabatic spectral density J L 0 ͑0; b͒ was measured with the two-dimensional coherence-filtered quadrupolar echo (2DCFQE) technique [18] , which yields the homogeneous transverse relaxation rate Figure 1 shows the orientation dependence in the accessible b range [19] of the adiabatic spectral density for the four samples. The functional form of the orientation dependence is dictated by the uniaxial symmetry of the lamellar phase [8, 10] 
For each sample, the three crystal-frame spectral densities J C n ͑0͒ can thus be determined from a fit to the data in Fig. 1 .
In dilute lamellar phases with electroneutral membranes, the dominant interaction is the steric (entropic) repulsion resulting from suppression of curvature fluctuations by the steric confinement imposed by adjacent membranes. In this case, the interaction energy per unit FIG. 1. Orientation dependence of the adiabatic lab-frame spectral density J L 0 ͑0; b͒, measured by the 2DCFQE method on the 23 Na resonance of the counterions. The four sets of data refer to the samples in Table I 
with b the membrane thickness and ᐉ the fluctuating local membrane spacing. In a sterically stabilized lamellar phase, such as the present one [15], membrane curvature fluctuations are thus entirely controlled by the bending rigidity k. For the purpose of validating the novel spin relaxation approach for probing membrane interactions, this is a decisive advantage since k can be accurately determined from the quadrupole splitting, obtained as a "by-product" of the relaxation experiment. Figure 2 shows the variation of the quadrupole splitting n Q at b 90 ± with the membrane volume fraction f. To determine the bending rigidity, we need the geometrical relation [9] Here b 4 nm is the bilayer thickness, and
with a the transverse continuum cutoff length [9] . For the steric interaction in Eq. (5), the patch length is j P ͓͑8͞3p͒ ͑k͞k B T͔͒ 1͞2 ͑d 2 b͒. The fit in Fig. 2 yields x 41.9 kHz and k͞k B T 2.16, in excellent agreement with previous quadrupole splitting studies of the same system [9, 20, 21] . The mean membrane spacing and patch length calculated with these parameter values are given in Table I for the four samples. Figure 3 shows the variation with f of the three spectral densities J C n ͑0͒, obtained from the fits in Fig. 1 . [13] . To calculate these spectral densities from Eq. (3), we need to know the mode relaxation frequencies G C ͑q͒ and G S ͑q͒. Since ion diffusion across the oil medium separating the membranes is negligibly slow, the diffusion mode frequency is [12] 
, where D S is the (local) self-diffusion coefficient of the Na 1 ions in the aqueous layer and the factor within brackets transforms from curvilinear diffusion on the membrane to diffusion in the base plane [22] . The limiting Na 
where h 0 0.92 6 0.06 cP is the viscosity of the dodecane/pentanol oil mixture, measured separately in a   FIG. 3 . Adiabatic crystal-frame spectral densities J C n ͑0͒, derived from the orientation-dependent 23 Na relaxation data in Fig. 1 , versus the membrane volume fraction f. The localmotion contribution J loc has been subtracted. The curves are theoretical predictions, with the bending rigidity and quadrupole coupling constant derived from the splitting data in Fig. 2 , and with a Na
bulk sample at 30 ± C. For q z 0, Eq. (7) degenerates into a purely transverse undulation mode and, for q Ќ j P ø q z d ø 1, it becomes the so-called slip mode [23] .
Converting the q sums in Eq. (3) to integrals, we can now compute the three spectral densities [12, 13, 24] . Of the five system parameters, four are already known ͑x, k͞k B T, h 0 , and b͒ and only the Na 1 diffusion coefficient D S can be adjusted to some extent. The curves shown in Fig. 3 were obtained with D S 0.3D 0 3.7 3 10 210 m 2 s 21 . Dynamic retardation factors D S ͞D 0 close to 0.3 have also been found for Na 1 counterions in normal [25] and reversed [26] hexagonal phases.
While the agreement in Fig. 3 is excellent for the more dilute samples, a systematic deviation in J C 0 and J C 2 is seen for the more concentrated samples. For curvature fluctuations, the ratio ͓J C 0 ͑0͒ 2 J loc ͔͓͞J C 2 ͑0͒ 2 J loc ͔ should vary monotonically from 3 in the limit of no molecular diffusion to 6 in the limit of a static membrane [13] . For the two most dilute samples, this ratio is about 4, whereas for the two more concentrated ones it is about 2.5, suggesting a contribution from an additional relaxation process at the higher concentrations.
The external magnetic field used to polarize the nuclear spins also couples with the anisotropic diamagnetic susceptibility of the lamellar phase. The resulting magnetic torque competes with the elastic torque only for mode wavelengths exceeding the magnetic coherence length,
0 , with m 0 the vacuum permeability, Dx the susceptibility anisotropy, and B 0 the magnetic field [4] . It can be shown [11, 12] that the orientational structure factor H͑q͒ and the second-order spectral density J C 1 are unaffected by the magnetic field if j M . ͑N͞2p͒ 1͞2 j P , with N L z ͞d the number of membranes in the lamellar stack. For the fourth-order spectral densities J C 0 and J C 2 and for the quadrupole splitting n Q , it is sufficient that j M . j P [9, 13] . According to Table I, ͑N͞2p͒ 1͞2 j P 1.5 mm for the most dilute sample. For a lamellar phase, Dx fDx membrane and with an estimated Dx membrane 22 3 10 29 (SI units), we obtain j M 4 mm for k 2.16k B T and B 0 2.35 T. The magnetic field effect should thus be negligible. This conclusion is supported by the finding (for the most dilute sample) that J L 0 ͑0; b͒ is unaffected when B 0 is increased from 2.35 to 8.46 T (cf. Fig. 1 ).
In conclusion, we have demonstrated that the recently formulated theory of spin relaxation by membrane curvature fluctuations [11] [12] [13] accounts for the three adiabatic spectral densities that can be measured in a lamellar phase. For a sterically stabilized lamellar phase, semiquantitative agreement was achieved essentially without adjustable parameters. The same approach can be applied to systems with other types of membrane interactions, e.g., neutral phospholipid bilayers with the patch length controlled by the controversial hydration force [11, 27] . Further information about membrane interactions can be obtained by measuring not only the orientation dependence of the relaxation rates, but also their frequency dependence in the submegahertz regime accessible with field-cycling [28, 29] and pulse-train [30] techniques.
